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Abstract
Inspired by the dark matter searches in the low mass region, we study the Type II two Higgs doublet
model with a light gauge singlet WIMP stabilized by a Z2 symmetry. The real singlet is required to only
couple to the non-Standard Model Higgs. We investigate singlet candidates with different spins as well
as isospin violating effect. The parameter space favored by LHC data in two Higgs doublet model and
hadronic uncertainties in WIMP-nucleon elastic scattering are also taken into account. We find only the
scalar singlet in the isospin conserving case leads to a major overlap with the region of interests of most
direct detection experiments.
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I. INTRODUCTION
The existence of some mysterious component of the Universe, namely the dark matter (DM),
has been solidified by multiple astrophysical and cosmological observations. The weakly inter-
acting massive particle (WIMP) is one popular candidate of DM. Recently various underground
direct detection experiments such as DAMA [1], CoGeNT [2], CRESST [3] and CDMS [4] have
shown some DM-like events in the low mass region. Although there is still no conclusive state-
ment for the existence of WIMP based on these events, it is worth paying special attention to the
light WIMP considering undergoing searches in low mass region.
Since there is no viable WIMP candidates in the Standard Model (SM), extensions of this
highly successful theory is necessary. One simple extension of the SM is to add a real SM gauge
singlet with a mass of the electroweak scale or less [5–7]. An unbroken Z2 parity, under which
only the singlet is odd, stabilizes this particle (called D here).
At the renormalizable level the singlet only couples to the SM Higgs doublet. The coupling
has to be carefully adjusted to reproduce the required relic density of D, while satisfying the
constraints from the indirect and direct searches [8–10]. It is, however, a hard task to accomplish
within the SM+D framework, taking into account the results from the direction detection of DM
and the search for invisible decay mode of SM Higgs at the LHC. For recent discussions, see
Ref. [11] and references therein. In order to achieve a consistent scenario with singlet dark matter,
it is desirable to consider an extension of the SM, such as the Two Higgs doublet model (THDM)
that we discuss here [10, 12].
In this paper we study the THDM+D framework, with singlet mass . 20 GeV, in light of the
implications of the LHC Higgs search results for the Type II THDM. To accommodate the SM
Higgs search data, the coupling between the singlet and the SM-like Higgs is forbidden by hand
and DM D can only be produced in pairs via the non-SM Higgs boson. In particular the isospin-
violating effect introduced to reconcile the experiments above and XENON100 is discussed [13],
in terms of the allowed parameter region in Type II THDM. We investigate three candidates of real
singlet field, namely scalar, Majorana fermion and vector.
The paper is organized as follows. In Sec. II we describe the properties of THDM+D frame-
work, where we also discuss the constraints on Type II THDM from the LHC Higgs search. The
results of D-Higgs scattering interaction are presented in Sec. III. In this section we also display
the D-nucleon elastic cross sections. We summarize our conclusions in Sec. IV.
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II. SINGLET DARK MATTER IN TYPE II THDM
A. Model and Experimental Constraints
The interactions between the scalar S, Majorana fermion χ, vector Vµ singlet and Higgs sector
in the Type II THDM are
LS = −1
2
S2(λS1H
†
1H1 + λS2H
†
2H2)−
m2S0
2
S2 − λ
′
S
4!
S4, (1)
Lχ = − 1
2Λ
χcχ(λχ1H
†
1H1 + λχ2H
†
2H2)−
mχ
2
χcχ + h.c., (2)
LV = 1
2
VµV
µ(λV 1H
†
1H1 + λV 2H
†
2H2) +
m2V
2
VµV
µ − λ
′
V
4!
(VµV
µ)2 − 1
4
V µνVµν , (3)
where Λ is a dimensional scale for fermionic singlet. Note that a discrete Z ′2 symmetry, under
which only H2 is odd, is introduced here to forbid other Higgs interactions. The two Higgs dou-
blets are decomposed as
Hi =

 h+i
(vi + hi + iPi)/
√
2

 i = 1, 2,

 h+1
h+2

 =

 cos β − sin β
sin β cos β



 G+
H+

 , (4)

 P1
P2

 =

 cos β − sin β
sin β cos β



 G0
A0

 ,

 h1
h2

 =

 cosα − sinα
sinα cosα



 H0
h0

 , (5)
with tan β = v2/v1, v20 = v21 + v22 ≈ (246 GeV)2 and α being the mixing angle between two
neutral CP-even Higgses. After the electroweak symmetry breaking, one gets the following DM
interactions with the neutral CP-even Higgses
LSSh = −(−λS1 sinα cos β + λS2 cosα sin β)v0S2h0/2 ≡ −λShv0S2h0/2, (6)
LSSH = −(λS1 cosα cos β + λS2 sinα sin β)v0S2H0/2 ≡ −λSHv0S2H0/2, (7)
for scalar candidate S,
LFFh = −(−λχ1 sinα cos β + λχ2 cosα sin β)v0χcχh0/Λ ≡ λFhF 2h0/2, (8)
LFFH = −(λχ1 cosα cos β + λχ2 sinα sin β)v0χcχH0/Λ ≡ −λFHF 2H0/2, (9)
for fermion candidate F = χ+ χc and
LV V h = (−λV 1 sinα cos β + λV 2 cosα sin β)v0V 2h0/2 ≡ λV hv0V 2h0/2, (10)
LV V H = (λV 1 cosα cos β + λV 2 sinα sin β)v0V 2H0/2 ≡ λV Hv0V 2H0/2, (11)
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for vector candidate V respectively. The size of the couplings λDH (D = S, F, V ;H = h0, H0)
controls the signal strength of the DM detection and is determined by the constraints from DM
relic density measurement and the implication of SM Higgs searches for THDM at LHC.
In the Type II THDM, the interactions between two CP-even Higgses and massive gauge bosons
follow the same behavior as in the Minimal Supersymmetric Standard Model (MSSM):
LHWW/ZZ =
(
2m2W
v0
WW +
m2Z
v0
ZZ
)(
h0 sin(β − α) +H0 cos(β − α)) , (12)
where SM-like Higgs is the one which couples to the gauge bosons more strongly. Current studies
of the LHC data and the Type II THDM imply the existence of two scenarios [14]
I : sin(β − α) ≈ ±1, h0 SM− like,
100 < MH0 < 750 GeV, 300 < MH± < 800 GeV,MA < 800 GeV; (13)
II : sin(β − α) ≈ 0, H0 SM− like,
70 < Mh0 < 126 GeV,MA ≃MH+ > 300 GeV, (14)
with 0.5 < tan β < 4 in both cases. Unlike the MSSM, in Type II THDM, the masses of
H0, A0, H± are largely uncorrelated. In order to simplify the non-SM Higgs decay modes for
concreteness, we take the degenerate case, namely MH0 ≈MA0 ≈ MH± , in scenario I.
B. Singlet DM Annihilation and Singlet-Nucleon Scattering Interaction
As mentioned in the introduction, in order to accommodate a small SM Higgs invisible decay
branching ratio, we set vanishing couplings λDh0(λDH0) = 0 in scenario I (II). Thus the DM
singlets can only be produced in pairs from non-SM Higgs decay. The partial widths of the Higgs
bosonH decay into DM singlet are given by [15]
ΓS =
λ2SHv
2
0
32pimH
√
1− 4m
2
S
m2H
, (15)
ΓF =
λ2FHmH
16pi
(
1− 4m
2
F
m2H
)3/2
, (16)
ΓV =
λ2VHv
2
0m
3
H
128pim4V
(
1− 4m
2
V
m2H
+
12m4V
m4H
)√
1− 4m
2
V
m2H
. (17)
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The H-mediated annihilation cross sections of DM singlets are thus
σannvrel(S) =
2λ2SHv
2
0
(4m2S −m2H)2 + Γ2Hm2H
∑
i Γ(H˜ → Xi)
2mS
, (18)
σannvrel(F ) =
λ2FHm
2
F
(4m2F −m2H)2 + Γ2Hm2H
∑
i Γ(H˜ → Xi)
2mF
v2rel, (19)
σannvrel(V ) =
2λ2VHv
2
0/3
(4m2V −m2H)2 + Γ2Hm2H
∑
i Γ(H˜ → Xi)
2mV
, (20)
where vrel = 2|pcmD |/mD is the relative speed of the DM pair in their center-of-mass frame, H˜ is a
virtual Higgs boson with the same couplings to other particles as the physical H of mass mH, but
with an invariant mass
√
s = 2mD, and H˜ → Xi is any possible decay mode ofH except that into
dark matter.
As the non-SM Higgs does not couple to gauge bosons, it can only decay into fermion pairs
and loop processes induced by Yukawa couplings besides DM singlet. In the Type II THDM, the
Yukawa lagrangian is given by
LY = −Y u2 QLH˜2UR − Y d1 QLH1DR − Y l1 lLH1ER + h.c. (21)
where UR is also an odd field under Z ′2 symmetry. It leads to the following Yukawa interactions
LffH = −U¯LMuUR
(
cosα
sin β
h0
v0
+
sinα
sin β
H0
v0
)
− D¯LMdDR
(
− sinα
cos β
h0
v0
+
cosα
cos β
H0
v0
)
−E¯LM lER
(
− sin α
cos β
h0
v0
+
cosα
cos β
H0
v0
)
+ h.c.. (22)
These Yukawa couplings also determine the singlet DM-nucleon scattering process with non-
SM Higgs mediation in t-channel. Following Eq. (22), the non-SM Higgs H-q-q¯ interactions κHq
read
κHu = κ
H
c = κ
H
t =
sinα
sin β
, κHd = κ
H
s = κ
H
b =
cosα
cos β
, for scenario I, (23)
κhu = κ
h
c = κ
h
t =
cosα
sin β
, κhd = κ
h
s = κ
h
b = −
sinα
cos β
, for scenario II. (24)
It turns out that such THDM Yukawa couplings in the two limits are simplified into those in the
MSSM
sinα
sin β
= ∓ 1
tan β
,
cosα
cos β
= ± tan β, tanα = −1
tan β
, for sin(β − α) = ±1 in scenario I, (25)
cosα
sin β
=
1
tanβ
, − sin α
cos β
= − tanβ, tanα = tan β, for sin(β − α) = 0 in scenario II. (26)
5
From Eqs. (25) and (26), one can see that the H-q-q¯ interactions are independent of the choice of
Higgs scenarios.
Combining the interactions ofH-D-D andH-q-q¯, the elastic cross sections of singlet DM with
proton can be written as
σpel(S) =
λ2SHm
2
pg
2
ppHv
2
0
4pim4H(mS +mp)
2
=
4m2pm
2
Sf
2
Sp
pi(mS +mp)2
, fSp =
λSHgppHv0
4mSm
2
H
, (27)
σpel(F ) =
λ2FHm
2
pm
2
F g
2
ppH
pim4H(mF +mp)
2
=
4m2pm
2
Ff
2
Fp
pi(mF +mp)2
, fFp =
λFHgppH
2m2H
, (28)
σpel(V ) =
λ2VHm
2
pg
2
ppHv
2
0
4pim4H(mV +mp)
2
=
4m2pm
2
V f
2
V p
pi(mV +mp)2
, fV p =
λVHgppHv0
4mVm2H
, (29)
where gppH =
∑
u,d,s,c,b,t g
p
qκ
H
q and mp denotes the mass of proton. If isospin-violating effect is
taken into account, one has relation fDn/fDp = gnnH/gppH. The relevant variables in Eqs. (27),
(28) and (29) are collected in Appendix A for both isospin-conserving (IC) and isospin-violating
(IV) cases.
III. NUMERICAL RESULTS
For a given interaction between the WIMP and SM particles, the relic density ΩD can be cal-
culated by [16]
ΩDh
2 ≃ 1.07× 10
9xf
MP l
√
g∗(a + 3b/xf)GeV
, xf ≃ ln0.038MP lmD(a+ 6b/xf )√
g∗xf
, (30)
where a and b are the coefficients of the Taylor expansion in v2rel from the annihilation cross section
σannvrel = a + bv
2
rel. Here h is the Hubble constant in the unit of 100 km/(s ·Mpc), MP l is the
Plank scale, xf = mD/Tf with Tf being the freezing temperature, and g∗ is the total number of
relativistic degrees of freedom at Tf . In Fig. 1 we show the restricted regions of xf and σannvrel
for pure S- and P-wave annihilation as a function of the WIMP mass mD. They are obtained
from Eq. (30) with ΩDh2 = 0.1187 ± 0.0017 [17] and thus independent of the explicit form of
the SM-WIMP interaction as well as other properties of the dark matter candidate. The freeze-
out temperatures in both cases are almost the same with the one in S-wave slightly higher. The
coefficient b in P-wave annihilation is nearly one order of magnitude larger than a in the S-wave
case, as a result of compensating for the P-wave suppression.
6
S wave
6 8 10 12 14 16 18 20
16
18
20
22
24
mD HGeVL
x
f
P wave
6 8 10 12 14 16 18 20
16
18
20
22
24
mD HGeVL
x
f
S wave
6 8 10 12 14 16 18 20
6.´10-37
6.5´10-37
7.´10-37
7.5´10-37
8.´10-37
mD HGeVL
Σ
v
Hc
m
2 L
P wave
6 8 10 12 14 16 18 20
4.´10-36
4.5´10-36
5.´10-36
5.5´10-36
6.´10-36
mD HGeVL
Σ
v
v
2
Hc
m
2 L
FIG. 1: xf and σannvrel vs. mD for annihilation in pure S- and P- waves.
A. Higgs-proton coupling gppH in both IC and IV cases
Due to the uncertainties of quark masses and hadronic matrix elements, the coupling gppH may
vary quite a bit. The dependence of gppH on different hadronic quantities is shown in Appendix A.
It is also determined by the Higgs-quark interactions κHq , namely tan β, as shown in Eqs. (23)
and (24). Thus, its absolute value is independent of different spectrum limits in Higgs sector. In
Fig. 2 we show the coupling gppH as a function of tanβ in both IC (top) and IV (bottom) cases.
One can see that, in the IV case with fDn/fDp = −0.64, the coupling gppH is nearly two orders of
magnitude smaller compared to the one in IC case because of the medium tanβ values.
B. H-D-D coupling λDH
TheH-D-D coupling λDH can be derived from Eqs. (18), (19) and (20) for the scalar, fermion
and vector DM, respectively. They should satisfy the restricted region of σannvrel shown in Fig. 1.
In Fig. 3 we show the λDH as a function of mD for tanβ = 0.5 and tan β = 4.0 with different
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FIG. 2: Top: gppH vs. tan β for IC case (fDn/fDp = 1). Bottom left: the scatter plot of fDn/fDp
vs. gppH for IV case (fDn/fDp 6= 1) with 0.5 < tan β < 4. The horizontal line denotes the nearly
xenon-phobic value fDn/fDp = −0.64. Bottom right: gppH vs. tanβ for the xenon-phobic value,
fDn/fDp = −0.64. These values of gppH are for sin(β − α) = −1 or 0. The sign of the coupling
should be flipped for sin(β − α) = 1 case.
Higgs masses in the case of different dark matter spins. They produce the correct central value of
dark matter relic abundance.
The scalar coupling λSH is displayed in the top panel of Fig. 3. From Eq. (18), we know the
scalar DM annihilation cross section approximately scales as
σannvrel(S) ∼ 3λ
2
SHm
2
b tan
2 β
4pim4H
(31)
because the total decay width of Higgs is negligible compared with the Higgs mass in this case.
Thus the coupling λSH is almost independent of the dark matter mass when Higgs mass is rel-
atively large. With the same Higgs mass but different tan β, the only factor that changes in the
annihilation cross section is Γ(H˜ → Xi) which is dominated by H˜ → bb¯. Because the partial
decay width of H → bb¯ is proportional to tan2 β, the smaller λSH is required to achieve the cor-
8
rect annihilation cross section for larger tan β. On the other hand, the annihilation cross section is
always suppressed by the Higgs mass. For the same tan β, therefore, the coupling λSH should be
smaller with decreasing Higgs mass.
For the fermionic dark matter, the dark matter annihilation is always P-wave suppressed. Thus
the annihilation cross section is about one order of magnitude larger than the S-wave case, which
in turn requires a large λFH. Such a large λFH leads to a large Higgs decay total width dominated
by the invisible mode. The annihilation cross section is thus
σannvrel(F )/v
2
rel ∼
3λ2FHm
2
Fm
2
b tan
2 β/(8piv20)
m4H +m
4
Hλ
4
FH/(16pi)
2
. (32)
The annihilation cross section in the fermionic dark matter case also has similar features with
respect to DM mass, tan β and mH as the scalar case. More importantly, at certain λFH and with
some small mF , small tanβ and large mH, it reaches some value which does not necessarily fall
into the restricted region as shown in bottom left panel of Fig. 3. We find that the annihilation
cross section of fermion singlet DM into SM particles with any non-SM Higgs mass larger than
135 GeV would be too small. As a result, the fermion singlet does not apply for the degenerate
case with heavy H0 in scenario I of THDM.
As seen from Eq. (17), the invisible decay of vector singlet DM is hugely enhanced bym3H/m4V .
Its annihilation cross section is thus approximately
σannvrel(V ) ∼ 2λ
2
VHm
2
b tan
2 β/(8pi)
m4H +m
8
Hλ
4
VHv
4
0/(128pim
4
V )
2
. (33)
Since this is pure S-wave annihilation, the coupling constant λVH stays as large as in the scalar
case. The scaling behavior of the annihilation cross section with respect to λVH, however, is
similar to the fermionic DM case because of the large invisible decay width. This feature also
leads to the discontinued curves shown in the bottom right panel of Fig. 3. The reachable limit of
non-SM Higgs mass in this case is also about 135 GeV.
C. Coupling strength of the D-proton elastic scattering: fDp
Combining the coupling gppH and λDH solved in previous subsections, we now proceed to
study the elastic cross section of the singlet DM interacting with proton. The elastic cross section
is determined by fDp as a product of gppH and λDH as shown in Eqs. (27), (28) and (29). In
Fig. 4, we display fDp vs. mD for different tan β with and without isospin violation. From Fig. 2
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FIG. 3: Top: λSH vs. mS for tan β = 0.5 and tanβ = 4.0 with mH = 70 GeV and
mH = 300 GeV. Bottom: λFH vs. mF (left) and λVH vs. mV (right) for tan β = 0.5 and
tan β = 4.0 with mH = 70 GeV and mH = 120 GeV.
and Fig. 3, we see that the λDH decreases with increasing tanβ while the absolute value of gppH
increases in both IC and IV cases. In particular, gppH in the IC case increases more quickly than the
decreasing of the λDH with increasing tan β, which results in an increasing fDp with increasing
tan β. In the IV case, however, the increasing of gppH is slower and it leads to an opposite trend
with tanβ for all DM singlets. The overall scale of fDp in the IV case is much smaller than IC
case since the coupling gppH in the IV case is two orders of magnitude smaller. Moreover, fSp for
different masses of Higgs remains the same as the Higgs mass dependence is cancelled in Eq. (27).
We thus show fDp for only one particular Higgs mass in Fig. 4
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FIG. 4: Top: fSp vs. mS for tanβ = 0.5 and tan β = 4.0 with mH = 70 GeV. Middle: fFp vs.
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D. Invisible decay of singlet DM
Now we turn to the decay branching ratio of the Higgs H, as shown in Fig. 5 for different
Higgs mass, tanβ and singlet DM candidates. The branching ratios here are calculated with the
11
coupling λDH from Fig. 3. The common feature is that the Higgs decay width is significantly
dominated by the invisible channel H → DD. The other major contribution comes from H → bb¯
and H → τ+τ−. Such significant invisible decay in THDM can be tested through mono-b jet
process gb→ bH.
E. D-proton elastic scattering cross section σpel
At last we gather all the necessary ingredients to calculate the elastic cross section of dark
matter scattering with proton according to Eqs. (27), (28) and (29). The uncertainties come from
the measurement of the dark matter relic abundance Ωh2 and the coupling gppH. The results for
IC and IV case with various singlet DM candidates and mH = 70 GeV are shown in Fig. 6. For
scalar singlet, the lower (upper) and upper (lower) limit of the elastic cross section is obtained
with tan β = 0.5 and tan β = 4.0 in the IC (IV) case. As stated before, these limits apply for
any values of mH in this case. Fig. 6a shows that the restricted region of the parameter space is
consistent with most of the region of interests (ROI) of CDMS-Si for scalar DM with IC, while
the IV case (Fig. 6b) has a two orders of magnitude smaller elastic cross section due to the much
small gppH.
For fermionic singlet DM (see Figs. 6c and 6d), the elastic cross section in the restricted region
is about two orders of magnitude larger than the scalar case, since the annihilation cross section is
P-wave suppressed and a much larger H-D-D coupling is needed. Similar to the scalar DM, the
fermion elastic cross section increase with increasing tanβ in the IC case and decreases in the IV
case. For larger mH, the allowed region of elastic cross section is more restricted and only covers
relatively large values of mF .
In the vector DM case (see Figs. 6e and 6f), the elastic cross section is of the same order of
magnitude as the scalar DM case. But the restricted region is narrower and overlaps much less
with the ROIs of CDMS-Si than the scalar DM case. It is because the enhanced dark matter decay
width suppresses the total annihilation cross section in some parameter space and the restricted
region is further constrained as already explained in Sec. III B.
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FIG. 5: BR(H) vs. mS with tanβ = 0.5 and tanβ = 4 for mH = 70 GeV (1st row) and
300 GeV(2nd row). BR(H) vs. mF with tanβ = 0.5 and tan β = 4 for mH = 70 GeV (3rd
row) and the same parameters for the vector case (4th row).
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FIG. 6: Top: The elastic cross section of scalar DM with proton. Middle: The elastic cross
section of fermionic DM with proton. Bottom: The elastic cross section of vector DM with
proton. Left column: IC case with fDn/fDp = 1; Right column: IV case with fDn/fDp = −0.64.
mH is fixed to be 70 GeV and tan β varies from 0.5 to 4. The 90% CL ROIs for CDMS-Si,
CoGeNT, and the 3(2)σ ROIs for DAMA (CRESST-II) are also plotted together with the
exclusion limits from XENON100. The red point denotes the best fitted result from CDMS-Si.
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IV. CONCLUSIONS
The light WIMP dark matter is of special interests given the recent events from direct detection
experiments. We have studied the simple extension of the minimal SM with two Higgs doublets
and a SM gauge singlet stabilized by Z2 symmetry in the low mass region. We focused on the Type
II THDM with a vanishing coupling between the singlet dark matter and the SM-like Higgs such
that single DM can only couple to the non-SM Higgs in pairs. The SM-like Higgs invisible decay
is thus consistent with LHC search. In this limit, the only parameters of the model include the dark
matter mass mD, the non-SM CP-even Higgs mass mH, tanβ and theH−D−D coupling λDH.
To obtain appropriate dark matter relic abundance, we found in the case of fermionic singlet,
a large coupling λFH is required because of P-wave suppression. In the vector singlet case, the
coupling λVH remains at the same order as that of the scalar case, but one order of magnitude
smaller than the fermion case. The Higgs decay width is dominated by the invisible mode. In both
fermionic and vector DM case the large invisible decay width leads to a suppressed annihilation
cross section. In some parameter space, the dark matter would overclose the universe.
We also considered the hadronic uncertainties in both isospin conversing and isospin violating
cases (especially the nearly xenon-phobic case with fDn/fDp = −0.64). It turns out in this model,
with LHC favored parameter region, the Higgs-proton coupling gppH in the IV case is almost two
orders of magnitude smaller than that in IC case. This feature would definitely suppress the elastic
scattering cross section between dark matter and nucleon.
After scanning the allowed parameter space, we found that only the scalar singlet without
IV effects has a major overlap with the region of interests of most direct detection experiments
although it is still in tension with XENON100. The elastic cross section in the IC fermionic case
is much larger than all the experimental ROIs due to the large coupling λFH which is required to
compensate for the P-wave suppression. The vector case has less overlap with the experimental
ROIs because in some parameter space the large invisible decay width leads to an overclosed
universe. All the scenarios in the IV case have small elastic cross section because of the small
Higgs-proton coupling.
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Appendix A: Higgs-nucleon couplings
For isospin-conserving case (fDn/fDp = 1), the gNq s (N = n, p) are [10, 18]
gNu = g
N
d =
σpiN
2v0
, gNs =
mN −mB − σpiN
v0
, gNQ =
2mB
27v0
, (A1)
mB = −σpiN 2m
2
K +m
2
pi
2m2pi
+
(mΞ +mΣ)(2m
2
K −m2pi)− 2mNm2pi
4(m2K −m2pi)
. (A2)
For isospin-violating case (fDn/fDp 6= 1), they are [11, 18–21]
gNq =
BNq mq
v0
, q = u, d, s; gNQ =
2
27v0
(
mN −
∑
q
mqB
N
q
)
, Q = c, b, t, (A3)
BNu =
2σpiN
mu(1 +
md
mu
)(1 +
BN
d
BNu
)
, BNd =
2σpiN
md(1 +
mu
md
)(1 + B
N
u
BN
d
)
, BNs =
ms
md
σpiN (1− σ0σpiN )
ms(1 +
mu
md
)
,(A4)
Bpd
Bpu
=
2 + (z − 1)(1− σ0
σpiN
)
2z − (z − 1)(1− σ0
σpiN
)
, Bnu = B
p
d , B
n
d = B
p
u, (A5)
mu
md
= 0.38− 0.58, ms
md
= 17− 22, z ≡ B
p
u − Bps
Bpd − Bps
= 1.49, (A6)
σ0 = 58± 9 MeV, σpiN = 58± 9 MeV. (A7)
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